Agricultural residues, such as corn cobs, are one of the first promising cellulosic materials to be fermented and thermochemically processed into fuel in the emerging bio-based economy. Few studies have been conducted on the deterioration of cellulosic feedstock in storage. This study measured the loss of corn cob dry matter, as measured by carbon dioxide evolution, under various storage conditions (temperature and moisture content) for 21 days. High moisture content and temperature conditions (35% w.b. and 30Â°C) resulted in almost 3% dry matter loss in 21 days, as opposed to negligible losses at drier conditions (15% w.b.). There was a significant interaction between the effects of moisture content and temperature on dry matter loss. These data provide a first approach to understanding the material loss due to microbial activity, thus helping to identify storage strategies to maximize the conservation of cellulosic feedstock. 
he second generation of biofuels will be derived from residues generated mainly by agricultural and forestry endeavors (Arvelakis and Koukios, 2002; Perlack et al., 2005; Blunck et al., 2003; Johnson et al., 2010) . Agricultural residues have the advantage of being renewable, with the potential of being converted into heat, power, and fuels in decentralized facilities (Latif and Rajoka, 2001; Arvelakis and Koukios, 2002; Shinners et al., 2003; Kaliyan and Morey, 2008; Ioannidou et al., 2009) . Corn cobs and corn stover are some of the first lignocellulosic agricultural materials to be fermented into alcohols and thermochemically transformed into bio-oil, non-condensable gases, and biochar. While many studies have targeted improvements in production, transportation, densification, and utilization of this type of biomass (e.g., Wilcke et al., 2001; Shinners et al., 2003; Kaliyan and Morey, 2008) , few articles have been published on what happens during storage of these materials between harvest and processing. Smith et al. (1985) reported a decrease in corn cob's cellulose and hemicellulose during outside storage, increasing the lignin fraction over time. As a result of this deterioration, intermediate organic compounds were produced. Little is known regarding their quantity and impact on the overall fermentation process. Olsson and Hahn-Hagerdal (1996) published compelling information regarding inhibitors that could be co-produced, their influence on microorganisms, and their effect on ethanol fermentation.
Many authors (Wilcke et al., 2001; Bern et al., 2002; Chitrakar et al., 2006; White, 2007; Moog et al., 2008) quantified corn kernel deterioration due to fungal growth with different conditions of moisture, temperature, mechanical damage, genetic hybrid resistance, ozone treatment, and fungicide treatment. Nevertheless, little is known about handling and appropriately storing cellulosic biomass for biofuel production.
Considerable dry matter loss (5% to over 50%) in biomass feedstock during storage is possible due to microbial activity (Smith et al., 1985; Hogland et al., 1996; Collins et al., 1997; Huhnke, 2003; Blunck et al., 2003) . Objective data on dry matter loss in such feedstock are necessary to develop storage recommendations and practices. However, quantifying losses directly is difficult due to difficulties in measuring small changes in weight loss and moisture, the need to destroy the samples to directly measure dry matter, the difficulty of consecutive measurements over time, and the sample quantities required to overcome variability of the measuring procedures.
The deterioration of corn kernel dry matter was modeled by Saul and Steele (1966) as the complete oxidation of glucose under aerobic conditions. This model is also the basis of ASABE Standard D535 (ASABE Standards, 2010) . In corn cobs, the oxidized sugars come from the cellulosic and hemicellulosic portion of the biomass containing glucose and pentose. Oxidation of glucose with β 1-4 linkages in large chains of cellulose occurs as follows (Haug, 1993) :
The objective of this study was to quantify the loss of corn cob dry matter (as measured by carbon dioxide evolution) during aerobic storage at different temperatures and moisture contents. For this study, a storage period of 21 days was chosen based on previous trials in which significant dry matter loss was achieved with high-moisture cobs that exceeded the apparatus measuring range.
MATERIALS AND METHODS

SAMPLE MATERIAL
Red corn cobs from a single 111-day hybrid (unknown variety) were harvested on 26 October 2009 from a field near Ames, Iowa. A modified John Deere 9860 combine separated the cobs from the grain and stover. The cobs were harvested at approximately 26% moisture (all moisture contents are expressed in % wet basis) and stored in 38 L (10 gal) polyethylene plastic bags (three bags were nested to prevent moisture exchange with the environment) in a cold room at 4°C until needed for the experiment. Foreign material and remaining stover were removed from the samples by manual separation when the cobs were taken from storage.
The corn cob dry matter content was determined by mass difference before and after drying with a forced-air oven at 103°C for 24 h (ASAE Standards, 2003) . Three replicates of roughly 200 g each were performed with the oven loaded to only 50% capacity.
The moisture content of the corn cobs was adjusted, as necessary, to obtain the desired levels for the experiment (15%, 25%, and 35% w.b.). If the moisture level had to be increased, the samples were sprayed with the amount of distilled water calculated to achieve the desired moisture and then stored at 4°C in 3.8 L (1 gal) Ziploc bags for 48 h to allow the moisture to equilibrate within the material. If samples needed to be dried, they were left exposed to ambient conditions (approx. 20°C and 20% relative humidity) and occasionally weighed and stirred until the desired moisture content (weight) was achieved, usually in 2 to 6 h. Immediately before the experiment was performed, the sample moisture content was re-determined.
EXPERIMENTAL APPARATUS
Three temperature-controlled chambers were used (model I-35LLVL incubator, Percival Scientific, Inc., Boone, Iowa) and set to one of the treatment temperatures (10°C, 20°C, and 30°C) according to the treatment randomization. Each chamber contained one sample of each of the three corn cob moisture contents used (15%, 25%, and 35% w.b.). The individual sample size varied depending on the degradation rates from pre-experimental tests for the different temperatures and moisture contents. Large samples with favorable microbial conditions had high rates of CO 2 evolution and exceeded the full-scale capacity of the CO 2 measurement device. The maximum measureable CO 2 concentration was equivalent to 1500 ppm of CO 2 at one standard liter per minute of air. Consequently, the sample size varied from 200 to 500 g of dry matter for different experimental units.
Within a chamber, cob samples were placed in 15.2 cm O.D. acrylic tubes approximately 60 cm long, capped with 15.2 cm flexible caps ( fig. 1 ). At both ends, 0.625 cm plastic hose couplers connected with tygon R-3603 tubing (Saint-Gobain Performance Plastics Corp., Akron, Ohio).
Three diaphragm pumps (model MOA-P122-AA, Gast Manufacturing, Benton Harbor, Mich.) were used to pump air through the system to maintain aerobic conditions and carry away CO 2 .
Depending on the moisture content of the samples, air could be bubbled through a 0.5 m distilled water column before entering the sample tubes in order to gain moisture or be mixed with ambient air (the ratio of humidified and ambient air was adjusted daily) to approximate the relative humidity that would enable the desired equilibrium moisture content of the samples, as determined by ASAE Standard D245.5 (ASAE Standards, 2001). Porcelain filters were place at the entrance to these water columns to decrease the bubble size, increasing the rate of water transfer to the air. A 250 mL condenser was placed outside of each of the 20°C and 30°C chambers downstream from the samples to collect condensation that might interfere with the CO 2 measurement system. One empty sample tube was used in each chamber to determine the ambient CO 2 concentration. In pre-experiment tests, ambient CO 2 concentration varied widely, depending on human activities within the laboratory, which was connected to a teaching laboratory. For this reason, an approximately 150 L plastic bag enclosure was used as an air reservoir before the air pumps, buffering changes in the CO 2 concentration of incoming air to the system.
DATA COLLECTION
Temperature was monitored using an LM35 integratedcircuit temperature sensor (National Semiconductor Corp., Santa Clara, Cal.). The relative humidity of the air leaving the bubbling columns was monitored with a relative humidity sensor (HIH-4000-001, Honeywell Sensing and Control, Golden Valley, Minn.).
Air leaving each of the sample tubes entered a gas multiplexer that diverted airflow from one of 24 ports for analysis ( fig. 2 ). This apparatus consisted of 24 solenoids (0 to 5 VDC) operated through a relay board (SSR24, Measurement Computing Corp, Norton, Mass.). This relay board had 24 selectable terminals that, when directed by a computer program, selected the specific port and the time to be opened to direct the airflow for CO 2 concentration measurement. The airflow rate into the CO 2 measurement device was determined with a thermal mass flowmeter (model 4140, TSI Inc., Shoreview, Minn.). This sensor has a linear response to airflow from 0 to 10 VDC, corresponding to 0 to 20 standard L min -1 (2 standard L min -1 per DC volt). CO 2 concentration (ppm) was measured with a nondispersive infrared analyzer (model 880A, Rosemount Analytical Inc., Emerson Process Management, Orrville, Ohio). The analyzer was calibrated at the beginning of each replicate and weekly thereafter according to the manufacturer's specifications using two gasses containing 0 and 1200 ppm of CO 2 . The accuracy as stated by the manufacturer is ±1% full scale.
A laptop computer was used to record the data from the sensors and to operate the solenoids, relay boards, and microcontroller. The microcontroller used for analog-todigital conversion (PMD 1408 LS, Measurement Computing Corp., Norton, Mass.) was a USB bus-powered module with eight 14-bit analog inputs, two analog 12-bit analog outputs, and 16 digital I/O lines. The codes were written in Visual Basic Application for Microsoft Office Access 2007.
Air being analyzed (when the solenoid valve was opened) passed through the airflow meter to the CO 2 sensor transducer. Measurements were taken from 12:00 midnight to 8:00 a.m. in order to minimize the effect of CO 2 variations in the laboratory. Every 3 min, the gas multiplexer switched to the next sample and recorded the measurement. For each sample, the average of all the measurements collected in the 8 h period was recorded for later analysis.
CALCULATION OF DRY MATTER LOSS
From the measured CO 2 concentration and the airflow rate, the amount of CO 2 produced (the difference between atmospheric and sample measurement) was calculated by:
where C d = standard L of CO 2 produced per day C = measured CO 2 concentration (ppm) averaged over 8 h collection period A = airflow rate (standard L min -1 ) 1440 = 1440 min per day.
Applying the ideal gas law:
where N = moles of CO 2 produced per day C d = standard L of CO 2 produced per day P = standard pressure = 1 atm R = constant = 0.082056 L atm (K mol) -1 T = standard temperature = 294 K. One mole of C 6 H 10 O 5 (monomer constitute of the cellulose chain) with a molecular weight of 162 g mol -1 , when oxidized, results in six moles of CO 2 with a molecular weight of 44 g mol -1 . Multiplying the number of moles of CO 2 produced per day by 162/(44×6), or 0.6136, resulted in the amount of glucose (dry matter) consumed per day in grams. Dividing by the initial amount of dry matter gave the percentage dry matter loss.
STATISTICAL ANALYSIS
Nine treatments (experimental units) were formulated from the combination of three moisture content levels (15%, 25%, and 35% w.b.) and three temperatures (10°C, 20°C, and 30°C) and performed in triplicate (three runs), corresponding to a 3×3 complete factorial design. Temperature treatments were randomly allocated to a chamber, and moisture treatments were randomly allocated to a certain order within each chamber. For every replication, a chamber was randomly assigned to one of the three temperatures and successively randomized in the later replications. SAS software (SAS Institute, Inc., Cary, N.C.) was used to analyze the data with analysis of variance (ANOVA). Differences in means were determined using the Tukey-Kramer method with α ≤ 0.05 (SAS, 2014). Table 1 gives the amount of dry matter loss, as estimated by CO 2 evolution, for each of the treatments after 21 days of incubation. In general, treatments with 15% moisture content and 10°C had nearly no dry matter loss (average of 0.1%), while treatments with high moisture (35%) and high temperature (30°C) had on average 2.75% loss. Similar rates of degradation were observed for 35% moisture and 20°C, averaging 2.40% dry matter loss. There was visible mold growth at 20°C and 30°C and no insect activity. Results from the ANOVA indicate that temperature, moisture, and the interaction within both were highly significant (p-values of 0.00032, <0.0001, and 0.0017, respectively), whereas replication was not significant.
RESULTS AND DISCUSSION
A two-sided t-test (LSD) was performed with α = 0.05 for the treatments to identify differences among moisture levels, and another test was performed for the differences in temperature. The least significant difference among temperature means was found to be 0.22% dry matter loss, whereas the least significant difference among moisture levels was 0.34% dry matter loss. The greatest deterioration was achieved with 35% moisture, which was significantly different from 25% and 15% moisture. Likewise, the low temperature (10°C) was statistically different from 20°C and 30°C. As a whole, every moisture and temperature level was statistically different from every other level. The combination of high temperature and high moisture resulted in 2.75% ±0.40% dry matter loss, whereas negligible dry matter loss was observed with 10°C and 15% moisture. On average, for every moisture increase of one percentage point, dry matter loss increased 0.1 percentage point, versus an increase of 0.05 percentage point for every degree Celsius, over 21 days. Thus, moisture content should be carefully monitored while storing corn cobs.
The interaction makes the analysis and interpretation more complicated, as moisture and temperature had additive effects on the deterioration model as well as an interaction effect that was highly significant. Therefore, it is not appropriate to consider each variable separately; both must be considered for calculation of the resulting dry matter loss.
The deterioration trend lines shown in figure 3 are intended to predict what would happen to materials with different moisture contents after 21 days of storage. Although the experiment was performed in vitro, it was intended to be useful to some extent for commercial cob piles. With a known moisture content and temperature within the pile, linear regressions of the dry matter (DM) loss for the three moisture contents (eqs. 4, 5, and 6) give a useful approximation of the deterioration rate after 21 days: tion (R 2 ) greater than 0.80, fitting quite well the data collected. The interaction between temperature and moisture can also be seen by the different slopes in each equation.
It is possible to combine information from the estimated dry matter loss of corn kernels presented by Bern et al. (2002) with the deterioration levels from this research in order to evaluate kernel and cob dry matter loss under similar storage conditions. Kernels were assumed to have 30% visible mechanical damage, no fungicide, and to be a generic hybrid. The approximate storage time (in days) for 0.5% dry matter loss of shelled corn and cobs is shown in table 2. For this table, several values were calculated with the assumption that the cob deterioration fitted the previous trend for storage periods longer than 21 days. More studies are necessary to verify this assumption. In all but two cases (20°C and 15% moisture, and 30°C and 15% moisture), corn kernels deteriorated faster than corn cobs.
Dry matter loss versus time ( fig. 4 ) presented a linear trend for all treatments, as opposed to the equivalent conditions for kernels, in which an exponential curve was observed after a short lag phase (Friday et al., 1989; Wilcke et al., 2001; Moog et al., 2008) . Following the regression model observed in this study, important losses would be reached (almost 25% over six months) if the deterioration rate for six months fits the rate observed in this study (table 3), hence the importance of extending the study for prolonged times.
If the linear trend fitted for the 21 days of respiration were extrapolated for six months of storage, then very significant amounts of biomass would be lost due to aerobic respiration. Several factors could influence the validity of this extrapolation, including changes in moisture content and the types of fungi involved. Thus, the need to verify dry matter loss over longer periods of time becomes vital.
CONCLUSIONS
Significant deterioration, as measured by dry matter loss, can occur while storing cobs under aerobic conditions. Moisture content and temperature are important variables that strongly influence the rate of dry matter loss. Overall, corn cobs at 15% moisture content had low rates of dry matter loss, regardless of temperature. Higher moisture contents had correspondingly greater rates of dry matter loss, achieving 2.75% for 30°C and 35% moisture, closely followed by 2.40% for 20°C and 35% moisture, over the 21-day storage period. For similar temperatures, 35% moisture had significantly higher dry matter losses than 15% and 25% moisture.
Drying of corn cobs or lowering the ambient temperature could significantly reduce the amount of dry matter loss over time. However, lowering the temperature of the pile below ambient conditions would be a great challenge or practically unfeasible. Nevertheless, by accurately assessing deterioration rates and accounting for the price of biomass, different handling strategies could be economically implemented to prevent such losses.
The deterioration rates shown by cobs clearly differ from those shown by corn kernels. While the deterioration of kernels has been extensively shown to be exponential, a linear trend seems to better match the dry matter decay of cobs. This trend could be related to the different types of carbohydrates present in these materials. In corn kernels, germination and respiration processes could take place, while the lignin fraction in cobs could serve as a barrier to microorganism growth. Future studies should be carried out to determine dry matter losses for storage periods longer than 21 days. In addition, the dry matter losses under aerobic conditions could be compared to anaerobic conditions. This situation could be important for large and dense piles in which the center could have low oxygen concentration due to low rates of gas diffusion, aggravated by high oxygen consumption due to respiration. Furthermore, the impact of cob size and contaminants such as chaff, stover, and dirt may affect the rates of microbial activity. Other situations that will likely occur in storage should also be examined, such as greater ranges of temperature and moisture content, and variations in temperature and moisture within a storage pile.
